Abstract: Numerous diagnostic tests are used to evaluate the hypothalamicpituitary-adrenal axis (HPA axis). The gold standard is still considered the insulin tolerance test (ITT), but this test has many limitations. Current guidelines therefore recommend the Synacthen test first when an HPA axis insufficiency is suspected. However, the dose of Synacthen that is diagnostically most accurate and sensitive is still a matter of debate. We investigated 15 healthy men with mean/median age 27.4/26 (SD ±4.8) years, and mean/median BMI (body mass index) 25.38/24.82 (SD ±3.2) kg/m 2 . All subjects underwent 4 dynamic tests of the HPA axis, specifically 1 μg, 10 μg, and 250 μg Synacthen (ACTH) tests and an ITT. Salivary cortisol, cortisone, pregnenolone, and DHEA (dehydroepiandrosterone) were analysed using liquid chromatography-tandem mass spectrometry. During the ITT maximum salivary cortisol levels over 12.5 nmol/l were found at . 1, p. 18-33 60 minutes. Maximum cortisol levels in all of the Synacthen tests were higher than this; however, demonstrating that sufficient stimulation of the adrenal glands was achieved. Cortisone reacted similarly as cortisol, i.e. we did not find any change in the ratio of cortisol to cortisone. Pregnenolone and DHEA were higher during the ITT, and their peaks preceded the cortisol peak. There was no increase of pregnenolone or DHEA in any of the Synacthen tests. We demonstrate that the 10 μg Synacthen dose is sufficient stimulus for testing the HPA axis and is also a safe and cost-effective alternative. This dose also largely eliminates both false negative and false positive results.
Introduction
Diagnostic tests of the hypothalamic-pituitary-adrenal axis (HPA axis) are the subject of debate and still counter many difficulties. The gold standard for evaluating the HPA axis is considered to be the insulin tolerance test (ITT), but this test has several limitations and is not used in many countries. Another common test is the Synacthen (or ACTH) test, but various doses of the ACTH have been proposed (most commonly 1 μg or 250 μg) and there is no consensus which dose is diagnostically most accurate and sensitive. The other limitation of all tests is in evaluating total cortisol levels in serum, since only free cortisol is biologically active and critical for a tissue response.
Total cortisol includes both free cortisol and cortisol bound to albumin, corticosteroid-binding globulin (CBG) and other plasma proteins. In the non-stimulated state about 90-95% of cortisol is bound to CBG, 5-10 % to albumin with low affinity, and 5-8% exists in the free state (Torpy and Ho, 2007) . Increasing and decreasing CBG concentrations in serum lead to changes in total serum cortisol levels. The free cortisol fraction remains unchanged, however, under the feedback control of the HPA axis. Despite this, changes in the concentrations of CBG and albumin have important consequences for interpretations results of clinical studies as well as for diagnosing HPA deficiencies. Changes in binding proteins may lead in miss-interpretation of results in conditions as renal insufficiency, critical illnesses, pregnancy and when using oral contraceptives (Ho et al., 2006; Qureshi et al., 2007) .
For these reasons, when evaluating the HPA axis, measuring free cortisol would be preferable, since it avoids the influence of CBG (Mishra et al., 2007) . Measuring of free cortisol levels in serum would have advantages because this reflects the biologically active cortisol fraction and acute changes in cortisol concentrations in the serum (Christ-Crain et al., 2007) . Free cortisol fraction can be calculated, or measured in the laboratory. However, laboratory measurements are difficult and costly, and therefore are generally not performed for routine diagnostics (Vining et al., 1983; Klose et al., 2007) . Other options are to use a calculated free cortisol index or calculate free cortisol according to the so-called Coolens' equation. The results, however, are often not satisfactory, since calculated values do not reflect free cortisol levels during changes in CBG and during low albumin levels throughout a dynamic test (Christ-Crain et al., 2007; Klose et al., 2007) . For this reason, alternatives are being explored, the most promising of which seems to be measuring salivary cortisol levels (Šimůnková et al., 2007 Deutschbein et al., 2009b; Perogamvros et al., 2010) . A measurement of salivary cortisol shows the ultrafilterable fraction, which reflects circulating levels of the free cortisol. Some studies have recommended measuring only basal cortisol concentrations for diagnostic purposes, and while basal serum cortisol is specific for 23% of patients with adrenal insufficiency, salivary cortisol is specific for 27 % of such patients (Kazlauskaite et al., 2008; Deutschbein et al., 2009a) . One of main problems is the wide variability in cortisol levels in both serum and saliva in the morning. For this reason, when an HPA axis deficiency is suspected, some authors recommend a Synacthen test rather than measuring basal cortisol concentrations (Artl, 2009) .
Insufficiency of the HPA axis manifesting as adrenal insufficiency, is associated with higher morbidity and mortality. When this insufficiency is not diagnosed in time, it quickly leads to serious difficulties and sometimes even death of the patient. As shown in many studies, improperly indicated replacement therapies also carry significant metabolic risks. The ability to measure cortisol and other steroids in saliva as part of a diagnostic test of the HPA axis could make the diagnostic process easier and quicker for patients with changes in the concentration of protein-binding cortisol.
The aim of our study, therefore, was to evaluate salivary cortisol levels as well as those of cortisone, pregnenolone and dehydroepiandrosterone (DHEA) using liquid chromatography coupled with tandem mass spectrometry (LC-MS/MS) and chemiluminescent immunoassay (CLIA) Centaur XP Siemens in healthy volunteers, using both, the standard ITT test for diagnosing adrenal insufficiency and for comparing results with those from Synacthen tests using various concentrations of Synacthen (1 μg, 10 μg, or 250 μg).
Methods
Our study group consisted of 15 healthy men, with mean/median age 27.4/26 (SD ±4.8) years, and mean/median BMI (body mass index) 25.38/24.82 (SD ±3.2) kg/m 2 . The men used no medications and had no history of using corticosteroids. All signed informed consent before starting the study, which was approved by the Ethical Commission of the Institute of Endocrinology. We performed four functional tests that are commonly used to diagnose adrenal insufficiency. The minimum time between tests was one week. The following tests were used: the 1 μg "low dose" Synacthen test (LDST), the 10 μg "medium dose" Synacthen test (MDST), the 250 μg "high dose" Synacthen test (HDST), and the insulin tolerance test (ITT). All tests were performed after an overnight fast, and were started in the morning between 7 and 9 a.m. Each dose of Synacthen and insulin were given through a cannula inserted into the cubital vein, starting 15 minutes after cannula insertion.
Saliva was sampled at regular intervals during each test for measurements of steroid hormone levels. Saliva samples were collected in Sarstedt Salivette saliva examination tubes type 51.1534, centrifuged at 1000 rpm in the centrifuge, and frozen at -20 °C.
The details of individual tests were as follows LDST:
The contents of 1 ampule 250 μg/1 ml Synacthen (tetracosactide 250 μg, Novartis Pharma GmbH, Nuernberg, Germany) was added to 249 ml physiological solution. This dilution was prepared at the day of the test. At the beginning of the test, 1 ml of diluted solution was given intravenously, and saliva samples taken at 0, 20, 30, 40, and 60 minutes.
MDST: The contents of 1 ampule 250 μg/1 ml Synacthen (tetracosactide 250 μg, Novartis Pharma GmbH, Nuernberg, Germany) was added to 249 ml physiological solution. This dilution was prepared in the day of the test. At the beginning of the test, 10 ml of diluted solution were given intravenously, and saliva samples taken at 0, 30, 60, and 90 minutes.
HDST: At the beginning of the test, the contents of 1 ampule 250 μg/1 ml Synacthen (tetracosactide 250 μg, Novartis Pharma GmbH, Nuernberg, Germany) was given intravenously, and saliva samples taken at 0, 30, 60, and 90 minutes.
ITT: At the beginning of the test 0.1 IU per 1 kg Actrapid insulin was given intravenously. During the test blood glucose was regularly checked with a glucometer (Accu-Chek Perform), and blood pressure and pulse rate were measured every five minutes during the first hour and every ten minutes thereafter. There was a decrease in blood glucose below 2.2 mmol/l in all tests, and all patients had a spontaneous blood glucose response during the first hour followed by normalization. Saliva samples were taken at 0, 20, 30, 40, 60, 90 , and 120 minutes.
Analyses of steroid levels
Cortisol, cortisone, pregnenolone, and dehydroepiandrosterone (DHEA) were measured using liquid chromatography coupled with tandem mass spectrometry (LC-MS/MS) (Sosvorova et al., 2015) . In addition, cortisol was also measured using the chemiluminescent immunoassay (CLIA) Centaur XP Siemens (CLIA) method.
Statistical analysis
Data were transformed by Box-Cox transformation before further processing due to non-Gaussian distribution and non-constant variance (heteroscedasticity) in all variables. Repeated-measures analysis of variance (ANOVA) was used for monitoring levels of steroids during tests. Comparison of method for determination of cortisol in saliva was performed by single regression analysis. CLIA method was selected as a reference method because it is common method for clinical practice. The statistical software Statgraphics Centurion XVI from Statpoint Inc. (Warrenton, VA, USA) was used for data transformations, ANOVA testing.
Results
The results of salivary steroid levels measured during each test (maximum and minimum values for cortisol and cortisone) are given in Table 1 .
Cortisol (Figure 1)
During the ITT test salivary cortisol levels reached a maximum of 12.5 nmol/l at 60 min. This level was exceeded during all Synacthen test doses, demonstrating sufficient stimulation during all Synacthen tests. During the LDST there was a maximum increase in salivary cortisol at 30 minutes to over 15.9 nmol/l, followed by a decrease. During the MDST there was a maximum increase at 60 minutes to over 21.1 nmol/l, then a plateau until 90 minutes. During the HDST salivary cortisol continuously increased during the 90 minutes of the test to over 24.5 nmol/l, and maximum levels likely occurred after the last sampling time. Cortisone (Figure 2 ) During the ITT test salivary cortisone levels reached a maximum above 27.8 nmol/l between 60 and 90 minutes. This level was exceeded during all Synacthen test doses, again demonstrating sufficient stimulation during all tests. During the LDST there was a maximum increase in salivary cortisone by 30 minutes to over 38.2 nmol/l, followed by a decline. During the MDST there was a maximum increase in 60 minutes to over 21.2 nmol/l, then a plateau until 90 minutes. During the HDST salivary cortisone continuously increased during the 90 minutes of the test to over 24.5 nmol/l, and maximum levels likely occurred after the last sampling time.
Pregnenolone (Figure 3)
During the ITT test there was an increase in salivary pregnenolone in the first 40 minutes, a reaction of the adrenal glands to hypoglycemia. There was no increase in salivary pregnenolone during any of the Synacthen tests, indicating that salivary pregnenolone levels are not appropriate for evaluating the adrenal gland response during Synacthen tests.
Dehydroepiandrosterone (Figure 4)
During the ITT test there was an increase in salivary DHEA in the first 40 minutes, a reaction of the adrenal glands to hypoglycemia. Similarly as for salivary pregnenolone, there was no increase in salivary DHEA during any of the Synacthen tests, indicating that salivary DHEA levels are not appropriate for evaluating the adrenal gland response during Synacthen tests. 
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Figure 5 -Simple regression for cortisol levels. CLIA (chemiluminescent immunoassay) was used as the reference method (x) and LC-MS/MS as the test method (y). The regression line is surrounded by 95% confidence intervals (inner bounds). Outer bounds in the plot represent prediction intervals.
Comparison of the LC-MS/MS method with a chemiluminescent immunoassay (CLIA) Centaur XP Siemens
We compared cortisol levels in 300 salivary samples measured by CLIA and LC-MS/MS method (Sosvorova et al., 2015) . Using CLIA as a reference there was a strong correlation between the two methods (r=0.94), with regression modelled by the equation y = 0.418x -0.033 ( Figure 5) . However, the slope of the regression line indicates that CLIA considerably overestimated cortisol levels.
Discussion
All tests demonstrated a sufficient stimulus for a steroid response in saliva, with the exception of pregnenolone and DHEA in the Synacthen test. In the goldstandard ITT test for adrenal insufficiency, the salivary cortisol maximum of above 12.5 nmol/l was reached by 60 minutes. This level was exceeded during all Synacthen dose tests, demonstrating sufficient stimulation of the adrenal glands in these tests. In our healthy study population, even the 1 μg Synacthen dose induced a sufficient adrenal gland response, but the maximum cortisol concentration was reached earlier than during tests with higher Synacthen doses.
Maximum increase in serum cortisol levels during ITT tests have been reported to occur between 45 and 90 minutes (Borm et al., 2005) . Maximum levels of salivary cortisol after stimulation have not been published, though recently a maximum stimulated salivary cortisol concentration of about 15 nmol/l after 250 μg of ACTH has been demonstrated (Cornes et al., 2015) , which is in line with the concentrations we found during the ITT test. Our unpublished data of serum cortisol showed also the lower cortisol response in ITT likely due to overstimulation of the adrenal gland during all of the ACTH tests. In addition, other reasons of the lower maximal stimulation level of salivary cortisol during ITT compared to all of the ACTH tests may lie in alteration of salivation induced by activation of autonomic nervous system during hypoglycemia (Ekström, 1989) and relatively worse performance of saliva collection due to affected consciousness during hypoglycemia. Our subjects response to insulin did not differ significantly in their severity of obtained hypoglycaemia nor or in BMI.
Maximum serum cortisol concentrations after various Synacthen doses show a dose-dependent response (Crowley et al., 1991) . We also demonstrated this dosedependent response in salivary cortisol levels. For this reason, during lower-dose Synacthen tests, it is probably sufficient to sample saliva just during the first hour, though at more frequent intervals since the cortisol maximum may occur earlier (i.e. at 0, 20, 30, 40, and 60 minutes), as has been described for serum cortisol (Rasmuson et al., 1996; Patel and Clayton, 1999) . Our results indicate that salivary cortisol during Synacthen tests behave similarly as serum cortisol levels.
The question remains, however, if stimulation in patients with altered HPA axis reactivity, for instance those with depressive symptomatology, might show false positive results (Sandström et al., 2011) . This might burden patients with additional examinations or unnecessary treatment. However, stimulation with 250 μg Synacthen is likely excessive. When testing serum cortisol levels this dose leads to repeated production of cortisol and maximum serum cortisol concentrations as long as 240 minutes after the Synacthen dosing (Crowley et al., 1991; Dicksten et al., 1997) . In our study, maximum salivary cortisol levels had likely not yet been reached after 90 minutes.
As has already been described, such hyperstimulation can stimulate insufficient adrenal gland function in the subclinical phase of adrenal insufficiency and leads to false negative results, which present a high risk of underdiagnosing subclinical forms of adrenal insufficiency (Landon et al., 1984; Poršová et al., 1987; Dickstein et al., 1991) . Full CBG saturation occurs at serum cortisol concentrations of 400-500 nmol/l, after which the free serum cortisol fraction changes exponentially (Torpy and Ho, 2007) . During stressful situations, increased cortisol can exceed the capacity of CBG and free cortisol can increase by up to 20%, leading to marked changes in salivary cortisol concentrations (Torpy and Ho, 2007) .
We suggest using a Synacthen dose of 10 μg, despite the fact that this remains a supra-physiological stimulus. A maximum cortisol response to Synacthen is achieving by administration of 12-14 pmol/l ACTH and hence the dose of 0.5 μg Synacthen is also supraphysiological (Oelkers, 1996) . However, a 10 μg Synacthen dose avoids some of the limitations that arise from a 1 μg dose. It has been reported that a 1 μg Synacthen dose can lead to an insufficient response in some healthy individuals (Laureti et al., 1998 (Laureti et al., , 2000 (Laureti et al., , 2002 . Reasons behind this might be, for instance, an incorrectly mixed or prepared dose solution, the fact that Synacthen might adhere to the plastic cannula walls, or the cannula not being properly flushed so that the entire Synacthen dose reaches the circulation. There is no unanimous method for giving Synacthen -some prefer intramuscular injections, others intravenous (Wallace et al., 2009; Chatha et al., 2010) . However, it is clear that 1 μg Synacthen should only be given intravenously, since only 24% of intramuscularly injected Synacthen actually reaches the circulation (Dickstein, 1998) . The possibility therefore exists when giving a 1 μg Synacthen dose that the patient does not actually receive any of the test drugs (Dickstein et al., 1991; Murphy et al., 1998; Agha et al., 2006; Wallace et al., 2009; Chatha et al., 2010) .
In our results, the cortisone response in saliva mirrored that of cortisol, but reached higher concentrations in all of the tests, likely due to the activity of 11β-hydroxysteroid dehydrogenase type 2 (HSD2) in the saliva that converts cortisol to cortisone. Perogamvros et al. (2010) found that during stimulation by 250 μg Synacthen cortisone was stable, and recommended this as an alternative parameter to free cortisol when evaluating adrenal capacity. A recently published study has described a linear and bimodal correlation between cortisol and cortisone in saliva in basal levels and as well as after stimulation which agrees with the results we found in all our tests (Cornes et al., 2015) . Altered 11β-HSD2 activity by genetic defects or by medication and diet (derivatives of glycyrrhetinic acid) may lead to changes in salivary cortisol and cortisone that fact has to be taken into account and excluded (van Uum et al., 2002; Perogamvros et al., 2010) .
The reaction of pregnenolone and DHEA during the tests is noteworthy. During the hypoglycemia test there were increases in both at 40 minutes, before the increase in cortisol. The ITT confirms adrenal function and the response can be seen in all steroids. This is in line with the assumption that ACTH is not a regulator of the adrenal biosynthesis of adrenal androgens, that is, mainly of that of DHEA. This applies also to pregnenolone as well. The tests with both high and low doses of Synacthen showed that there is a depletion of adrenal pregnenolone as a precursor of other hormones. The determining factor for the production of adrenal androgens has yet to be found, however.
The analyte concentrations presented in this paper were measured by LC-MS/MS. However, in routine laboratory settings immunochemical methods are most common. We compared salivary cortisol concentrations measured by both LC-MS/MS and CLIA, and found them to be highly correlated (r=0.94), however CLIA overestimated absolute values. This is in agreement with our previous results, where we compared serum cortisol concentrations using LC-MS/MS and a radioimmunoassay (RIA) (Dušková et al., 2015) . The study of Vieira et al. (2014) compared salivary cortisol measured by LC-MS/MS and an in-house RIA method and also found a high correlation (r=0.82).
Results obtained when using an immunoassay also depend on the type of analyzer used. The study of Cornes et al. (2015) compared serum cortisol levels after the administration of 250 μg of Synacthen using immunoassays measured on Roche and Abbot analyzers with measurements from LC-MS/MS. Results were highly correlated, but values from the Abbott analyzer were about 20% lower than those from the Roche analyzer. The overestimation of values by immunoassays and the differences between individual analyzers all need to be taken into account when evaluating results in clinical practice. Despite this, the availability and costeffectiveness of immunoassay methods remain the method of choice for routine clinical settings (Taylor et al., 2015) .
Conclusion
Our results indicate that a 10 μg Synacthen dose is a safe and cost-effective choice when testing patients suspected of adrenal insufficiency, which also largely eliminates the risk of false positive and false negative results. In addition, the 10 μg dose can be more easily diluted in hospital pharmacies, allowing a precise dose to be given. In light of the expiration time of one month after dilution, this dose also allows the testing of as many patients as possible from one 250 μg ampule of Synacthen, making this dosing cost-effective. This issue is even more critical considering the fact that Synacthen production was recently halted for a number of months.
When evaluating test results, the methods of analysis and associated reference ranges must always be taken into account. Cortisol levels measured by different methods may be highly correlated, but absolute values can vary by tens of percent. It is critical that each practice determine its own guidelines for a sufficient response to dynamic test of adrenal insufficiency.
